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The microscopic structure of the polar (0001) and (0001) surfaces of lithium niobate is investigated by atomic-resolution frequency modulation atomic force microscopy and first-principles calculations. It is found that the surface reconstructs at annealing temperatures sufficiently high to drive off external adsorbates. In particular a ( √ 7 × √ 7)R19.1
• reconstruction is found for the (0001) surface. Density-functional theory calculations show that-apart from the ( √ 7 × √ 7)-a series of adatom-induced surface reconstructions exist that lower the surface energy and reduce the surface charge. Ferroelectric oxides-and lithium niobate (LiNbO 3 , LN) in particular-have become extremely important in numerous areas of broad technological significance, being the main component of modulators, wavelength filters, secondharmonic generators, and nonvolatile memories. 1 While these applications exploit the peculiar ferroelectric, piezoelectric, photorefractive, and electro-optical properties of the bulk, the strong electric fields and charges at the surfaces of ferroelectric materials have recently attracted the attention of scientists and engineers. For example, it is possible to grow group III nitrides with spatially varied, absolute polarity control on LN substrates. 2 The dipole orientation can be switched at the nanoscale, bearing a great potential for domain-specific surface chemistry as a route towards the fabrication of nanoscale devices. 3 LN surface charges were found to enable artificial photosynthesis 4 and to drive photocatalytic dye decolorization. 5 The integration of ferroelectric thin films within liquid environments is investigated in the context of laboratory-on-chip device designs, e.g., for localizing, sensing or activating charged biomolecules. 6 High surface electric fields due to pyroelectricity were found to efficiently pole electro-optic polymers 7 and to lead to the reversible fragmentation and self-assembling of nematic liquid crystals. 8 Despite many exciting applications, our actual knowledge of the LN surface atomic structure and the associated surface electric field and surface charge is remarkably limited. LiNbO 3 can be thought of as a stapling of Nb-O 3 -Li trilayers along the [0001] direction (Fig. 1) . This order gives rise to a spontaneous electric dipole moment and strongly polar (0001) and (0001) surfaces, commonly referred to as negative and positive Z cut, respectively. Using electron diffraction, Yun et al. 9 found no indication for reconstructions on LN(0001) surfaces at ambient conditions. From ion scattering spectroscopy it was concluded that both Z-cut surfaces are oxygen terminated. 9 On the other hand, coaxial impact-collision ion scattering suggested a Nb surface termination. 10, 11 The experimental investigations are hindered by the extremely challenging preparation and analysis conditions of strongly polar surfaces of insulating materials: Charging effects preclude the application of electron tunneling or diffraction techniques and unscreened surface charges hinder atomic force microscopy. Nonetheless, reconstructions in surfaces commonly referred to as weakly polar surfaces such as the SrTiO 3 (001) and BaTiO 3 (001), have been recently demonstrated by STM 12, 13 and transmission electron microscopy 14 techniques. Moreover, the structural and physical properties of polar surfaces are strongly temperature dependent. 15 Only recently, atomic resolution images of the LN(0001) surface have been obtained by frequency modulation atomic force microscopy (FM-AFM) operated at the solid-water interface. 16 However, these experiments were performed on samples after annealing at 1270 K, and no surface reconstruction was observed. Similarly, the calculated surface phase diagrams of LN Z-cut surfaces-while consistent with the AFM data 16 -have been restricted to unreconstructed geometries so far. [17] [18] [19] In the present work we combine AFM measurements with density-functional theory (DFT) calculations and (i) demonstrate that adsorbate-free LN Z-cut surfaces reconstruct, (ii) explain the surface reconstruction microscopically in terms of favorable adatom structures, and (iii) show that these reconstructions lower the surface polarization charge.
Commercially available single-crystal Z-cut wafers (99-00042-01, Crystal Technology, Inc., USA) were prepared as described previously. 16 Annealing was performed for 5 hours in a muffle furnace from Nabertherm GmbH (Lilienthal, Germany) at the indicated temperatures. The temperature setting of the furnace was tested with an additional thermocouple, confirming the temperature settings with an error of approximately ±5 K. The atomic force microscope (MultiMode V from Bruker Nano Surfaces Division, USA) was operated in tapping mode for micrometerscale imaging. Atomic-resolution images were obtained in water using FM-AFM 20 following the procedure described in Ref. 16 . A series of micrometer-scale AFM images of the (0001) and (0001) surfaces taken in air is given in Fig. 2 . These images illustrate the dependence of the surface morphology on the annealing procedure. In Figs. 2(a) and 2(e), images are shown that are taken directly after ultrasonification without further annealing. The surfaces exhibit a large number of adsorbed species and a high surface roughness. In particular, no features that can be associated with surface step edges can be identified. The situation changes when annealing the samples after ultrasonification. Different samples were prepared annealed at different temperatures with 100 K temperature steps. No drastic change is observed for an annealing temperature of 870 K, as shown in Figs. 2(b) and 2(f). A significant change in morphology is observed after annealing to 1070 K (referred to as moderate annealing step), as shown in Figs. 2(c) and 2(g), revealing a highly structured surface with atomically flat hexagonal terraces. No adsorbates are found on these terraces. The straight lines observed in these images can be identified as step edges, formed by multiples of a monatomic step. Yet another change is observed after annealing to 1270 K. Representative images obtained after this hightemperature annealing step-corresponding to the preparation conditions in Ref. 16 -are presented in Figs. 2(d) and 2(h). Again, atomically flat terraces are observed. The hexagonal terraces have vanished, however, and relatively straight steps appeared.
To elucidate the details of this morphology change, we performed high-resolution FM-AFM at the solid-water interface on samples that were prepared as shown in Figs. 2(c) and 2(d). The samples-we are focusing on LN(0001) in the following-were allowed to equilibrate to room temperature after annealing. An image taken after high-temperature annealing to 1270 K (cf. Ref. 16 ) is shown in Fig. 3(a) . A hexagonal surface structure is observable in real space and corroborated by the Fourier transform in Fig. 3(c) . It corresponds to a real-space unit cell with a lattice constant of 0.515 ± 0.020 nm. This finding is consistent with a bulk-truncated structure of the (0001) surface.
Interestingly, the moderate annealing step to 1070 K leads to a different atomic structure, as shown in Figs. 3(b) and 3(d) . Again, a hexagonal structure is observed. However, as confirmed by Fourier analysis, the lattice constant is considerably larger and amounts to 1.362 ± 0.02 nm. This corresponds to a (
• surface reconstruction, as shown in Fig. 3(e) . The orientation of the surface reconstruction (given by s 1 , s 2 , and s 3 ) is compared with the direction of the step edges in Fig. 3(f) . The two directions are rotated with respect to each other by 19.1 • , which is exactly what we expect for the relative orientation of the reconstruction vectors and the bulk vectors (b 1 , b 2 , and b 3 ). This indicates that the step edges in the reconstructed phase are aligned along the bulk lattice directions.
To assign a microscopic structure to the AFM findings discussed above we perform density-functional calculations. Thereby the VASP implementation 21 within the generalizedgradient approximation 22 Fig. 4 . The present results closely resemble earlier findings 17, 18 for Li-poor environments. However, reconstructed surfaces are predicted for a wide range of the thermodynamically accessible conditions 25 that are indicated by the trapezoids in Fig. 4 . In particular, various stable ( √ 7 × √ 7) reconstructions are induced by Li and O adatoms. While we cannot exclude that further reconstructions are even more favorable, our results clearly show that unreconstructed LN surfaces are stable only in a rather limited range of surface preparation conditions. The pressure and temperature dependence of the chemical potentials 26 assigns the encircled areas in the phase diagrams to moderate annealing conditions. Such conditions thus favor ( What is driving the formation of surface reconstructions on LN? The surface polarization charge plays a decisive role for the stability of ferroelectric surfaces. It is expected to be largely compensated by a change of the surface stoichiometry as well as adsorbates. 12, 27 In fact, the charges measured for LN scatter considerably, 28 but are far below the 0.7 C/m 2 expected from the bulk polarization. Recently, a value of σ = 140 μC/m 2 for congruent, undoped z-faced LiNbO 3 crystals under ambient conditions has been determined. 29 In the absence of external adsorbates, internal mechanisms are required to reduce the surface polarization charge. 30, 31 In order to quantify the role of surface reconstructions in this context, we perform a Bader analysis 32, 33 and find that the surface charge is reduced by all stable reconstructions. The ( √ 7 × √ 7) + LiO and the ( √ 3 × √ 3) + O terminations at the negative Z cut reduce the surface charge by 9% and 11% with respect to the unreconstructed surface, respectively. At the positive Z cut, a surface charge reduction by 17%, 15%, 12%, and 3% occurs for the ( proportional to the nominal charge of the respective adatoms. While these calculations show that LN surface reconstructions are, indeed, reducing the surface polarization charge, we find the charge compensation by external mechanisms such as charged adatoms and foreign adsorbates to be more efficient. For example, the adsorption of Li + or H on the positive ( √ 3 × √ 3) surface reduces the calculated surface charge by about 41% or 31%.
The combination of AFM measurements and DFT calculations thus provides a comprehensive picture of the temperature-dependent stabilization mechanisms of polar LN Z cuts. At ambient conditions and for low annealing temperatures the surface charge is mainly compensated by foreign adsorbates, explaining why no surface reconstruction was observed. At elevated temperatures, however, the adsorbates start to desorb (see also, e.g., Ref. 34 ). Above about 1000 K the surface is completely adsorbate free. This requires the formation of surface reconstructions in order to avoid polar instabilities due to uncompensated surface charges. The LN(0001)(
• surface observed here upon moderate annealing is one example in this respect. Upon high-temperature annealing, finally, the surface recovers the bulk periodicity. This to be expected for entropy reasons as well as due to the reduced polarization as the Curie temperature is approached, reducing the driving force for the formation of surface reconstructions. However, one should keep in mind that due to the strong ferro-, pyro-, and piezoelectric nature of the crystal, already small variations in the atmosphere composition, temperature, and pressure will result in an underor overcompensation of the polarization charge, 29 so that the net surface charge might even change sign or oscillate around the neutral state.
Summarizing, we have investigated the temperaturedependent evolution of the LN Z-cut morphology by means of frequency-modulated AFM and presented evidence for the formation of surface reconstructions that form upon annealing the sample to drive off adsorbates from the ambient. Ab initio calculations confirm the stability of LN surface reconstructions for a wide range of preparation conditions and explain them in terms of adatom structures that contribute to the internal charge compensation of the strongly polar surfaces. The present work demonstrates microscopically the various charge compensation mechanisms that prevent the electrostatic instability of polar ferroelectric surfaces.
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